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Ootical trapping can be used to levitate and manipulate a wide vari- 
ety of microscopic panicles, including living cells and chromosomes 
in aqueous suspension. Both two-dimensional (2-D) and three-di- 
mensional (3-D) optical traps can be easily produced and can be 
used respectively, for sorting and manipulating microscopic parti- 
cles ' We describe two cell separation techniques developed in our 
laboratory: (1) laser sorting, based on the use of 2-D traps; and (2) 
microrobotic manipulation, which uses a 3-D optical trap, video mi- 
croscopy and machine vision in order to separate single cells and 
chromosomes. Both techniques can be integrated into complex in- 
struments for the analysis, separation, manipulation and processing 
of individual cells and cell organelles. 

Ootical trapping, a purely optical technique for the manipulation of microscopic par- 
tides wSventedh the kte'60s by Arthur Ashkin of AT&T Bell L^bs (7). The 
technique relies on the pressure created by one or more laser beams that are scat- 
tered by a microscopic object in order to trap, levitate, and move that object As 
opposed to other trapping techniques, optical traps are intrinsically stable and 
veK ?^atized in me* effects. As such, they can be incorporated into relatively 
simple devices that allow single cells, chromosomes, and other cell organelles to 
be accurately positioned and transported. Furthermore optical trapping only re- 
onir^ low-intensity laser beams and can be operated at wavelengths at which 
Sir oT^ trapped particle is minimized. Thus, for most cells that have 
W^pticaSy trapped , the mipping laser beams seem to have negligible biological 

effects (2-4) « * / 

Cell separation based on optical trapping belongs to the class of aenve, single- 
cell sorting techniques, together with flow sorting and mechanical m^a^a- 
tion As such automated optical trapping instruments analyze single cells and, ai- 
conveS Ae measurement results into a sorting decision, physically remov, 
SeSed sTgle cells from the original sample. Although passive cell separate 
Son optical trapping has also been proposed (5), the complex dependence o 
section Properties on the physical properties of the cell and the existence o 
tearSS^ hneractions between cells «5) make this technique unattracUvc 
By contrast, active separation based on optical measurements of single-cell prop 
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erties and automated beam control can be very precise both in terms of its analy- 
sis of single cells and in the physical separation of these cells. Furthermore, auto- 
mation applies in a natural way to optical trapping as the trapping optics can easi- 
ly be used for light collection and imaging, and the direction and intensity of the la- 
ser beams used for trapping can easily be brought under automated control. 

The range of cell properties on which automated cell separation can be based 
in an optical trapping system includes labelling fluorescence intensity, light scat- 
tering intensity distribution, and cell morphology. As the speed at which cells trav- 
el through the analysis volume can be accurately controlled and is much lower 
than the typical speeds encountered in flow sorting, high-resolution measure- 
ments of cell properties can be made. Furthermore, since cell position can be con- 
trolled with very high accuracy, other, nonoptical measurements can be performed 

The purely optical nature of cell manipulation by optical trapping means that 
cell analysis and manipulation can be performed inside completely enclosed sam- 
ple systems. Thus, separation based on optical trapping has a clear advantage 
over mechanical micromanipulation, which can only be performed in open contain- 
ers. The small diameter of the trapping beams and the highly localized character of 
the optical trap allow manipulation to be performed inside commensurately small 
compartments- Consequently, a single optical manipulation chamber can contain a 
large number of compartments and interconnecting channels. -The former can be 
used not only for collecting cells that have been separated, but also for performing 
further analysis and processing of those cells. Thus, complex experimental proto- 
cols can be carried out at the level of the single cell inside an optical manipulator, 
without the need for recovering the cells after each step and transporting them be- 
tween separate instruments. 

We begin this article with a brief presentation of the principles of optical trap- 
ping* Following this, we discuss the applications of two-dimensional (2-D) and 
three-dimensional (3-D) optical traps in cell separation. For each type of trap we 
discuss instrument optics, manipulation chambers, control electronics, and the 
procedures for automated control. We conclude with a brief discussion of future de- 
velopments in the field of cell separation and processing by optical trapping. 

A Qualitative Discussion of Optical Trapping 

Whenever light is scattered by an object, the change in the momentum of the 
scattered photons leads to a momentum of equal magnitude but opposite direction 
being transferred to the scattering object If one considers a system consisting of 
a scattering object and the incident and scattered beams (Figure 1), and if P 0 and 
P l are, respectively, the momentum fluxes (momentum transported by the beams 
per unit time) of the incident and scattered beams, then, because of conservation 
of total momentum, a force, F - P t - P 0 , is produced that acts on the scattering ob- 
ject. This is the radiation pressure force, and we will refer in what follows to its 
components along the direction of the incident beam (axial force) and perpendicu- 
lar to that direction (radial force). 

The momentum carried by a light beam in a given direction can be computed 
from the far-field angular distribution of the beam intensity, p, and is described by 



W r 

P = — J p cosa d£l 
c 4k 

where W is the total beam power, c is the speed of light, a is the angle relative to 
the given direction, and dQ is the solid angle element (7). For an axially symmet- 
ric beam, the factor, cosa, shows that, at constant total beam power, beam mo- 
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Figure 1. Conservation of momentum in a light scattering system: B 0 , 

B. incident and scattered beams; S— scattering object; P 0 , P— momentum 

fluxes of the two beams; F — light pressure force due to scattering of the inci- 
dent beam by S. 

mentum decreases as the divergence of the beam increases. It follows immedi- 
SehTwat beam momentum is decreased by (i) absorption (which reduces beam 
power); and (ii) diffuse scattering (which spreads out the intensity ^mbuu^). 
Absorption produces a purely axial force in the direction of die incident beam. Dif- 
fuse bartering, if symmetric relative to the direction of the incident beam, also 
contributes a force in the direction of the incident beam. 

It can be shown that the momentum flux of a beam with axial symmetry is 
parallel to the beam axis and has a magnitude given, for small 0, by P = W (1 
e 2 ) /c, where 6 is an angular parameter, describing beam divergence. Tins relation- 
ship shows that the beam has maximum momentum when it is maximally colh- 
mated (9 = 0), and its momentum decreases as its divergence increases. The 
magnitude of the force acting on the scattering particle is thus given by F = - W 
A(8 2 ) / c. If the scattering object behaves like a lens or mirror, the beam angle, e, 
can e ther increase or decrease, depending on the geometry of the object and I mci- 
dent beam. Consequently, we may expect both the magnitude and direction of the 
light pressure force acting on an optical element to depend on the optical proper- 
ties of the object, as well as its position relative to .the incident beam. 

The Lens Model. Under most experimental conditions, live cells have a refrac- 
tive indS dose to that of the suspension medium {8) and, therefore, at least in a 
fn?t approbation partial reflection does not play an important role in biological 
S S T An adequate qualitative description of the optical trapping of bio- 
SgS fSS c^ thus be obtained by treating the panicles as lenses that re- 
fract the incident beam. 

Radial TraDDing. It is easy to see that, whenever an object that behave: 
like a ^convergem lens (internal index of refraction higher than that of the sur 
is moved away from the axis of a tight beam ^dentj an*, th 
liXtXSm iTdeflected away from the initial direction (Figure 2a). Therefore, th 
ffi^nSrftte ligh y t pressure force acting on the o^mato 
tioTopposite to particle displacement (toward the beam axis , and a stable, 2-, 
rrappSreff^t is P created. One can similarly show that ^ fi ^ f ^ e m f 

& . ! „ /^u;^r with n inwer refractive index than that ot tne meaiuc 
* Jr^Srerfon m todfep££*«t (Figure 2b) and thus there is.. 
525 Sap^reSeSSd trappmg wUes to both spherical and nonsphenc 
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FiEure 2 The orientation of the radial force: (a) particle with higher refractive 
index than that of the surrounding medium; and (b) particle with lower refrac- 
tive index. B 0 , Bj— incident and scattered beams; F— light pressure force; 
F — radial component of F; P 0 , P— momentum fluxes for the incident and 
scattered beams; r— radial particle displacement Only the axes of the beams 
are shown. 

particles. In the case of the Utter, torques may develop which give the particles 
preferential orientations relative to the incident beam. 

Axial Trapping. In the lens model of optical trapping, the particle in the laser 
beam is regarded as a lens of focal length, f (Figure 3). In a purely geometrical op- 
tics approximation, one can easily see that there are always two points along the 
beam axis for which the angle of the output ("scattered") beam equals that of the 



a 




Figure 3. Lens model of optical trapping. Two particle positions for which the 
axial force vanishes: (a) particle at beam focus; <W J^% at . a *SS«J£ 
from the beam focus; (c) diagram showing the direction of the axial force 
<S*L ) forWious positions of the particle. The position of the stable anal 
trap relative to the trapping beam is indicated. The focal length of *e particle 
is tenoSed by f. The incident and scattered beams, B 0 and B t . travel from left 

to right 

incident beam Thus the momentum fluxes of the two beams have the same mag- 
niSde and for distances of 0 and 2f between the lens and the beam focus, the axi- 
S for^varShes (Figure 3c). It is also easy to see that, for any distance between 
oSTbinSe decreases after passing through the ob^ct and, therefore 
mfbeam moSm increases and the light pressure force acting on the lens is 
d^eTo^e to the beam. For all points outside this interval, the beam mo- 
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m Hurras and the lens is pushed in the direction of the beam. As a con- 
mentum decreases f ^ e ^ forCe on me distance between lens 

sequence * aSal tap always exists in a purely geometrical 

( °^ e( 1^l^s^^1^^ H °* ever « * one considers a Gaus- 
X CS be^a^c^nlg imaging relationships (9), one can show that an 
fvti™ exists onlv if /> X/«f, where X is the wavelength and G is the asymptot- 
^ t *E P n ??he Gaussian beain (9). Thus, for weakly convergent beams (small 6), 
ScfiSi^^T«»rSri^ Consequently, the axial force always points 
t theX£k>n of the beam and there is no axial trapping. One can thus define wo 

-nT^Smes defending on the degree of convergence of the beam: (i) 2-D 
trapping regimes^ ^pena^g o wnv ° rgent beams and in which there is a trap- 

■?S T trapping, in which a strongly convergent laser beam creates a full, 3-D optical 
trap. 

2-D Optical Trapping and Cell Separation 

We showed in the previous section that weakly collimated laser beams produce 2- 
n oS^Ps and that trapped particles are propelled along the beam axis. Such 
S^^y^n^»«n^tt microscopic particles over macroscopic distances 
and can thus be the basis for both remote delivery and sorting systems 

ATthe ^articles in a 2-D trap move along the beam axis, hydrodynamic forces 
wrdch dlneSd^n particle shape and size will affect both the velocity at which the 
?£S«^^S^iabilSy of the trapping effect. Thus, during rhe 2-D trap- 
py o? blood cells, we observed that lymphocytes, which are roughly spherical 

stably napped and can be transported over relatively large distances {6) By 
c^ntrSt; ervtocytes are only.briefly held in the beam and are readily pushed out 
bTSratioSependent hydrodynamic forces This phenomenon could be used 

aJSS* (SyU^t the travel velocity of a given particle* further affected by 
^e^tterinrof the beam by closely following, trapped particles. We have report- 
S toUaton between simultaneously trapped parades may lead to 
^ ( faSScTeS« of particle clumps or of stable systems of P^J^ 
move at the same velocity while maintaining a constant separation In either case, 
^ZfJ JSfaration is no longer possible, as travel velocity now depends on the 
£5£rie?S?S£ than one c^ll. The simultaneous presence of several particles ; in 
^Splng b?aS can be avoided by lowering the rate of pamcle injection and 
muslirnrtini the throughput of any passive sorting system of this kin<L 

tC^I of weakly focused laser beams to transport, rather than so£ rmcro- 
<^onic nartclVs has&e important advantage that proper alignment of the trans- 
SSoHeam whh the coUection volume is sufficient to ensure precise delivery 
rkS Seles Thus a transportation system based on a" weakly colli- 
S^ea^rmiitimal adjustment. Furthermore, such a system can aceu- 
raSw deW Ssco^^iclis through apertures with peters comparable 
S m the dimeter of the trapping beams, and can thus move selected pamcles be- 
tween separate compartments in a complex, integrated instrument- 
Laser Sorting. The macroscopic transportation capabilities of weakly 1 focus ed la 
JLmscan be used for the automated sorting of microscopic particles A para 
serbearm can De ^eaio focused beam can be transferred to another, inter 
«St2S proSd^d rSSSSTc* the latter is above a threshold value jdj 
d? P S orthe P intensity of the first beam and the relative positions of the bear 
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Figure 4, Simplified diagram of the laser sorter optics: A— acoustooptic mod- 
ulator, B — beam splitter, B 1 — propulsion beam; B2 — probe beam; 
B3— deflection beam; C — manipulation chamber, D — dichroic mirror, 
L — focusing lenses; M — mirror. The light collection optics are not shown. 



waists. Intersecting beams can thus be used to direct trapped particles to one of 
several collection volumes. An automated sorting system based on light scatter- 
ing measurements is described in (6) and a diagram of the instrument optics is 
shown in Figure 4. Naturally, other optical, as well as nonoptical, parameters can 
be used to control sorting. A manipulation chamber for laser sorting (6) is shown 
in Figure 5. Channels machined into the top of the chamber arc enclosed by a win- 
dow that allows the particles in the chamber to be visualized. Light scatter mea- 
surements arc also made through this window. The laser beams enter the chan- 
nels through side windows, and the sample is injected into the propulsion beam 
through a sample port There arp two ports just ahead of each side window that 
are used to create localized fluid flows. Individual cells arc trapped in the propul- 
sion beam and start travelling along its axis. As each cell intersects the probe 
beam (of wavelength different from that of the trapping beams and of lower inten- 




Figure 5 View of the laser sorter manipulation chamber (see Figure 4 for 
the geometry of the beams inside the chamber). The side windows allow the 
three laser beams to enter and exit the chamber. The elution and nnsing 
ports are used to create local fluid flows near the side windows. 
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the scattered lieht intensity is measured and a sorting decision is rnade. 
a celShes <£ deflection^ beam (typically about 100 am downstream from 

^onln^s of lOOum this resulted in a maximum sorting frequency of a few 
Sner^nd M^oX this rate is too low to make the instrument a practical 
cells per second .^^p" relatively large distances travelled by the cells (over 
ffiSJT^a^to sy SS tl be Ld as a microscopic gating device that 
6 mm) may allow aanujj drifting through narrow apertures connecting the 
SSSS^TS^lM 1— «. while letung 

*T&£S2£$Vh. sorting control system ate shown in Figure 6. The light 




Deflection 
Beam 

C-roampulaOon chamber, J^^%_XtornuYttpUer. The dashed line 
SgXnd conrMpath. The deflection beam focusing lens is not shown, 
scattered b y each cell as it passes tooughthe^ £ 
p^tape" tK^S^^^fi& , « the basis of the proper, 
of this pulse controlling the laser Sorter is pulse ampUm. 

not suitable 'OT<»nTOUmg laser sorong^ecau v , A beam ^ ends 
2S^Sr,^S-F3£ » 5 Se ^ce of other pardcle, 

are also derived by the P^e si^pe , • particles too small to al 
^»i«^iS^» " and *»s , 

compromising sort purity. 
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Microrobotic Manipulation 

A different approach to cell separation is made possible by the use of a 3-D opti- 
cal trap. While the laser sorter is operationally equivalent to a flow sorter (in the 
sense that it separates cells into a small number of collection volumes and that 
measurements are performed on particles moving along a well-defined axis), the 
3-D optical trap can be used for microscopic robotic manipulation of single cells 
and cell organelles. This technique is well suited for the automated separation of 
rare cells and can also be easily integrated into complex instruments. 

Optical Manipulator Designs. Two basic optical manipulator designs, both origi- 
nating in Ashkin's work (i, 10), have been proposed and implemented. The two 
designs differ in the number of laser beams used to produce a 3-D optical trap 
(Figure 7). The single-beam optical manipulator (Figure 7a) relies upon the use 
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Figure 7. Simplified diagram of single-beam (a) and double-beam (b) optical 
trapping and imaging systems. B — beam splitter, D — dichroic mirror, 
1^— divergent lens; M — mirror; O — microscope objective; T — optical trap. The 
arrows represent the imaging optical paths, 

of a high numerical aperture focusing lens and has been implemented on commer- 
cial microscopes {10). The double-beam system (Figure 7b) uses lower numerical 
aperture lenses, and a stable 3-D trap is produced by two coaxial, counterpropa- 
gating beams (11). In both cases, the lenses used for focusing the trapping 
beam(s) are also used for imaging, and dichroic mirrors are used to separate the 
trapping and imaging wavelengths. m . 

The single beam optical trap illustrated m Figure 7 a can be implemented on 
any microscope with only minor modifications to the microscope optics. The illumi- 
nation source is the microscope condenser, while imaging is done through the ex- 
isting microscope optics. The role of the additional divergent lens is to expand the 
trapping laser beam in order to fill the input aperture of the microscope objecuve 
and thus maximize the convergence of the trapping beam. The position of the trap 
within the field of view of the microscope can be modified by moving the divergent 
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lens ) Longer-range motion of the trap can be achieved by moving the manipu- 

cha^f Se to the gapping beam. A variant or 
design was proposed in (12), where an optical trap was added to a confocal micro 
S by meani of a second microscope objective. The second objective, wfoch is 
used exclusively for trapping, is mounted on an xyz stage and can thus control the 

POSi The°tr^pi^rbSrS P in the double-beam system are derived from a single la- 
ser beam bTmeans of a beam splitter. The use of a divergent lens for beam expan- 
sion is optional, as a high degree of convergence of the trapping beams is no long- 
er critical in this system. The optics for this type of manipulator are more complex 
than those of the Ashkin design and attention must be paid to the proper align- - 
ment of the trapping beams. However, beam alignment can be monitored by a vid- 
eo camera mat images the beams after a complete round trip through the system 
andean thus be automated (12). . . . . 

Because of their different optical characteristics, the two optical manipulator 
designs have different applications. The single-beam manipulator, which uses a 
high numerical aperture lens, is capable of high-resolution imaging and can pro- 
duce small-diameter, high-intensity traps. This manipulator is therefore most 
suitable for the analysis and manipulation of small particles such as cell or- 
ganelles. At the same time, the use of a high numerical aperture lens leads to a 
small field of view and a very small working distance. The small field of view re- 
stricts the use of such a manipulator in an automated separation system, where 
the performance of automated navigation algorithms depends to a large extent on 
the size of the field of view. Furthermore, the very small working distance makes 
difficult the use of complex manipulation chambers. _ , , 

By contrast the dual beam system provides lower-resolution imaging but nas 
a wider field of view and larger working distance. This system is eminently suited 
for automated cell and chromosome separation. In appHcations such as chromo- 
some separation, the lower resolution of the images provided by the double beam 
manipulator can be compensated for through the use of specific fluorescent probes. 
The large working distance which, for modern ultralong working distance objec- 
tives, can be around 1 cm, allows the optical manipulator to be easily integrated 
into complex systems. 

Optical Manipulation Chamber Designs. Optical manipulation chambers may in- 
corporate features that facilitate cell separation. For instance, multiple compart- 
ments inside the chamber allow selected cells to be physically separated fromthe 
original cell sample. It is also desirable for the manipulation chamber to have ports 
through which the sample can be introduced and the separated cells can be eluted. 
If the° chamber has multiple compartments, then it is preferable for each cornpart- 
ment to be connected to separate external ports. Finally if the ceU sample is h^gh- 
h! concentrated (as is the case, for example with blood samples), it is desnable 
for the manipulation chamber to be shallow. Low chamber depth ensures that, al- 
ter sedimentation of the cells, the surface concentration is sufficiently low to per- 
mit the trapping and removal of single cells. 

^nual cell separation through optical manipulation was demonstrated b> 
Ashkin (3) in a rather crude chamber that contained a hollow, transparent fiber 
We described a multicompartment chamber design (12) that is well suited for ce 
separaS whSe also containing features that make it attractive for complex wori 
Shve c*Us. This chamber (Figure 8) consists of three layers that are cement* 
togethe? The outer layers are good quality glass of 170-um and 1-mm thickne; 
Sbectivelv The central layer, which contains the pattern of compartments an 
channels can be fabricated either from stainless steel shim stock or from a phot< 
seSfive c^mfc OFotoceram, Corning). Small compartments and channels can I 
aSuSIdy through the central layer by laser machining (stainless steel) < 
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Figure 8. Multicompartment manipulation chamber: (a) Top view of the cen- 
tral layer, showing compartments (central region) and interconnecting chan- 
nels; and (b) perspective view of the upper window, showing the external 
ports. 

photoetching (Fotoceram). A view of the central section is shown in Figure 8a, 
where one can see five compartments (300 pm by 300 nm) and channels connect- 
ing the compartments with each other and with the external ports. The external 
ports are connected to internal channels through holes in the 1 -mm- thick glass 
window, to which they are cemented (Figure 8b). The small thickness and large 
surface area of this manipulation chamber lead to efficient heat exchange and tem- 
perature control. This characteristic is particularly important when separating and 
processing live cells, as well as for performing biochemical assays inside the 
chamber. Furthermore, the channels connecting each compartment to external 
ports allow reagents and culture media to be circulated through the compartments, 
and complex, long-term protocols can thus be carried out inside the chamber. 

Automated Control Based on Machine Vision, The ability of optical manipula- 
tors to image and manipulate single cells makes this type of instrument amenable 
to machine-vision-based automation. The control problem in such an instrument 
consists of the following; (i) finding the cells of interest; and (ii) separating those 
cells without collecting unwanted particles. In order to simplify image acquisition, 
we assume that the particles injected into the chamber have been allowed to set- 
tle onto the bottom window. Obviously, a shallow chamber has the advantage that 
particle settling occurs quickly and the delay between sample injection and die be- 
ginning of the search procedure is short The search procedure consists of scan- 
ning through the sample and analyzing each particle in the instrument's field of 
view. Once a cell of interest has been identified, it is trapped and raised to a cer- 
tain height above the bottom window (Figure 9), following which it is transported 
to an area where it is either recovered or further analyzed and processed. 

Given the initial position of the trapped cell and the coordinates of the target 
position, separation must proceed along a path that does not collide either with 
the chamber walls or with unwanted particles. For a simple chamber^consisting of 
a single, convex compartment, the first requirement is easily satisfied. The sim- 
plest path satisfying the second requirement depends on the depth of the chamber. 
As optical traps are generally better localized in a plane perpendicular to the trap- 
ping beams than along the beam axis, a shallow chamber may require the trap to 
be moved around unwanted particles in order to avoid trapping them. This is illus- 
trated in Figure 9, where we distinguish between the separation path followed by 
the trap, and the clear path, which is the projection of the former onto the bottom 
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Fieure 9 Geometry of cell, separation by optical manipulation The trapped 
ceU is carried along a separation path that avoids other cells on die Attorn of 
the manipulation chamber. The cells in die chamber are imaged along the 
common axis of the trapping beams. The clear path, which is die Projection of 
meleparation path onto the bottom of the chamber, is constructed so as to 
. avoid the trapping of unwanted cells. 

of the chamber. Finding a clear path from a knowledge of the P«^^ 
of the setded cells is the classical collision avoidance problem of robotics, hi th< 
™e of an oDtical manipulator, a clear path must be computed gradually, on the ba 
STof ^u^ssionToverlapping vfdeo frames figure 10). TWj > wiU be dis 
cussed in more detail in the next section. Automated navigation is not required fo 
cEeS dmt are deeper than the axial dimension of the trap, and the separauo. 
aff iSdy. a straight line at a height above the bottom window that > 
sufficient to prevent the trapping of unwanted cells 

The computation of the separation path is slightly more complicated for ma 
ticompartment chamber, where the trap must avoid not only other cells , but ^als 
the edzeTof compartments and channels. In this case, a rough path that avoic 
S,lHdo S n Jrh Sto edges may have to be computed first, following which d 
SuTpatnis used to define the local direction of motion followed by the clear pa. 
^gWe 10). The rough path can be easily computed from a stored map of the m 
nipulation chamber 

Sinsle Video Frame Navigation. The automated navigator that controls c« 
seoaration by ^ optical ^manipulation must find a clear path within the boundary 
the^nt field of view, such that (i) it avoids collision with pamcles on the t* 
tm Tihl chambVand (U) it leads, as closely as possible, m the ^ecuon c 
fSSd U the rough path. Once such a path has been found for the current field 
view me Lmmaent moves the optical trap and the trapped pamcle £ong j 
S'oatn ioapoint close to the edge of the video frame (Figure 10) Follow, 
t£ a P new vtdS frame is acquired and the process is repeated untd the tar. 

P ° S A^deTarfety of algorithms for finding collision-free, clear paths have £ 
construed 03) We have developed a navigator algorithm that is derived fr 
th? Sftangenci techniques described in (14). This type of navigator algontl 
t ? *™™im7tP<; rfSects bv circles of appropriate radius, is computationally 
^SH^S^^^** ceTshapes. The circle tangency algorr 
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Figure 10. Automated navigation for robotic panicle separation: Computation 
of a collision-free, clear path through a succession of overlapping video 
frames. The point labelled "Target" is, depending on the location of the trap 
along the rough path, either the next vertex of the latter, or the final target po- 
sition, 

constructs a clear path that consists of arcs along circular object boundaries and 
line segments that are tangent to the boundary of the last encountered object and 
point in the direction of the current target point If the target point is not in the cur- 
rent video frame, all clear paths leading to the frame boundary are computed, to- 
gether with weights that increase with path length and deviation from the direc- 
tion leading directly to the target The path with the lowest weight is chosen, the 
trap is moved to the point on the path within a trap radius of the boundary, a new 
video frame is grabbed, and the process is repeated until the target position is 
reached. 

The navigator algorithm stores the position and size of all previously detected 
objects and uses this information when computing a path. This ensures that no 
path is chosen that leads to a previously detected object that lies beyond the 
boundary of the current frame. The algorithm can also move back along a path if it 
finds itself inside a cul-de-sac. The algorithm monitors the continued presence of 
a particle inside the trap and alerts the operator if the particle is lost 

The example in Figure 11 illustrates the operation of the automated navigator 
and shows the ability of the algorithm to use previously acquired information. The 
diagrams are printouts of the image display area of the user interface screen, 
showing polystyrene microspheres with a diameter of 5.8 nm. Hie x, y coordinates 
(in tun) of the optical trap and of the field of view are shown, respectively, near the 
bottom and left sides of the images. The rough path, shown in Figure 11a, inter- 
sects particle 2. The navigator algorithm computes clear paths within the current 
video frame and chooses the path shown in Figure lib as having the smallest an- 
gular deviation from the rough path (the clear path extends from the trap to the 
stopping point S). The position information for the other particles in the frame is 
stored. As the trap is moved to the stopping point of Figure lib, a new frame is 
grabbed (Figure 11c). A new computation of the clear paths is performed, and the 
navigator reverses direction by using the previously stored information about the 
position of particle 1 (Figure lid). The trap is successfully moved around particle 
1 (Figure 1 le), and the target is reached in Figure 1 If* 
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Figure 11. Automated navigation of the optical trap. The binary images show 
polystyrene microspheres with a diameter of 5.8 urn. One particle is held in 
the optical trap (central circle). The trapped panicle must be moved without 
collision from the current position, C, to the target point, T. C— current trap 
position; S— stopping point; T — target position; 1-6 — obstacles. 



Automated Control System. The main elements of the control system for 
microrobotic cell separation are shown in Figure 12. The imaging system, which is 
no more than a video microscope, provides a video signal which is digitized by a 
frame grabber and made available to a processor. The processor performs a series 




Figure 12 Automated control of the optical manipulator: C— manipulation 
chamber; CNT— servo controller, CPU — central processing unit; FG- frame 
grabber, L — imaging lens; M — mirror, O— microscope objective; V— video 
camera- S— xyz stage with servo actuators. The dotted brie represents the 
imaeinR optical path, while the solid line represents the data and control path. 
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of operations on the digitized video frame which lead to the computation of a local 
clear path. Once the clear path for the current frame has been computed, the pro- 
cessor downloads the coordinates of the path vertices to a servo controller, and 
the servo actuators on an xyz stage move the manipulation chamber accordingly. 

Given the computation-intensive nature of the image processing and machine 
vision algorithms, it is obvious that the speed at which cells can be separated de- 
pends, to a large extent, on the computing power available for controlling the opti- 
cal manipulator. As shown in Figure 12, the robotic manipulator described in {11) 
uses a single processor both for running the image analysis and machine vision al- 
gorithms, and for controlling the relative position of the optical trap. Furthermore, 
the same processor operates the rest of the hardware, as well as a high-resolu- 
tion, interactive user interface. Consequently, separation of trapped cells does not 
proceed at the maximum possible speed, which is only limited by viscous drag and 
beam intensity. The data processing bottleneck can be overcome by using real- 
time, multiprocessor systems, which are now available at reasonable cost. 

Conclusions 

The manipulation techniques made possible by optical trapping are well suited for 
large-scale automation and integration. As such, they have the potential to pro- 
vide the technological basis for complex, powerful, and efficient "microscopic labo- 
ratories" for cell biology, cytogenetics, and molecular biology. Such instruments 
would perform complex analytical and preparative procedures on single cells and 
chromosomes, while requiring a minimum of human intervention. This approach 
may open up new avenues in experimental biology and biotechnology. 
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